S
teroid receptors such as androgen receptor (AR) are ligandregulated transcription factors belonging to the nuclear receptor superfamily. They convey the effects of steroid hormones on the regulation of cell growth, differentiation, and homeostasis (1) . To regulate transcription, the receptors bind to specific hormone response elements of target genes and͞or exhibit crosstalk with other transcription factors through protein-protein interactions. A plethora of coregulatory proteins recognized by different functional domains of the receptors [the N-terminal transactivation region, the central DNA-binding domain (DBD), and the C-terminal ligandbinding domain] mediate transactivation and transrepression functions of nuclear receptors (1) (2) (3) . The mechanisms by which steroid receptors compartmentalize in the cell nuclei and find their specific binding motifs, hormone response elements, from a vast number of base pairs of chromosomal DNA have remained elusive. Even though the transcriptional activity of the receptors is mainly controlled by ligand binding, covalent modifications such as phosphorylation also play an important role in regulation (4, 5) . Posttranslational modifications often elicit fast alterations in protein-protein interactions in multiprotein complexes and subcellular structures. Some nuclear receptors are also known to be ubiquitinylated, which targets them to degradation (5-7). Ubc9, the conjugating enzyme for SUMO-1, has recently been shown to interact with at least two steroid receptors, AR and glucocorticoid receptor (GR) (8, 9) . However, coexpressed Ubc9 enhanced AR-dependent transcription in a fashion that appeared to be independent of its ability to catalyze SUMO-1 conjugation (9) .
The SUMO-1 modification (sumoylation) pathway resembles that of ubiquitin conjugation, but the enzymes involved in the two processes are distinct (10) . SUMO-1 (also known as sentrin, GMP1, PIC1, and Ubl1, or in yeast as Smt3) is activated for conjugation by E1 enzymes and subsequently transferred to the E2-conjugating enzyme Ubc9 (11) (12) (13) (14) (15) . Sumoylation is reversible (16) (17) (18) . The genes encoding all key proteins of the modification process are essential in yeast, and the conjugation machinery is well conserved (13, 16, 19) . The sumoylation appears to play multiple roles, including (i) protein targeting, (ii) protein stabilization, and (iii) transcriptional activation. Conjugation of SUMO-1 to RanGAP1 targets the otherwise cytosolic protein to the nuclear pore complex (20) (21) (22) , and modification of promyelocytic leukemia protein by SUMO-1 has been reported to direct it to subnuclear domains termed promyelocytic leukemia protein nuclear bodies (23, 24) . This latter modification may also be needed for promyelocytic leukemia protein-mediated recruitment of other proteins to these structures (25) . Sumoylation can prevent degradation of the target protein, as exemplified by IB␣ (26) . The potential importance of sumoylation in transcriptional regulation is highlighted by recent reports that modification of p53 by SUMO-1 can enhance its transcriptional activity (27, 28) . The present study shows that a nuclear receptor, AR, is covalently modified by SUMO-1. We have identified the sumoylation sites in the N-terminal domain of AR and show that the SUMO-1 modification in certain contexts indeed inhibits the activity of AR. Intriguingly, the sumoylation sites are identical to the negative motifs in AR and GR, which have recently been shown to restrict the transcriptional synergy of these receptors on promoters containing compound response elements (29) .
Materials and Methods
Materials. The rabbit polyclonal anti-AR antibody K183 has been described (30) . Mouse monoclonal anti-Flag antibody M2, rabbit polyclonal anti-green fluorescent protein (anti-GFP), and mouse monoclonal anti-GMP-1 were from Sigma, Santa Cruz Biotechnology, and Zymed, respectively. Horseradish peroxidaseconjugated anti-rabbit IgG and anti-mouse IgG were from Zymed. Lissamine-rhodamine-conjugated goat anti-mouse IgG was from Jackson ImmunoResearch.
Plasmid Constructions. pcDNA-Flag vector was constructed by inserting a double-stranded oligonucleotide encoding the Flag epitope into the KpnI͞BamHI site of the mammalian expression vector pcDNA3.1(ϩ) (Invitrogen). To create pcDNA-FlaghAR, the region encoding the N-terminal region of hAR was cloned in-frame with BglII͞EcoRI into the BamHI͞EcoRI site of pcDNA-Flag. Subsequently, the EcoRI͞XbaI fragment encoding the C-terminal part of hAR was inserted to generate full-length receptor expression vector. Point mutations K386R and K520R were generated in hAR by overlapping PCR, and the mutated fragments were introduced into pcDNA-Flag-hAR by using Eco91I͞Eco47III and KpnI͞HindIII sites in the hAR cDNA, respectively, to create pcDNA-Flag-K386R, pcDNAFlag-K520R, and pcDNA-Flag-K386R͞K520R expression constructs. pcDNA-Flag-hAR⌬DBD, lacking the amino acids 576-657, was created by ligating the BglII͞BamHI fragment from pEGFP-hAR⌬DBD to the BamHI site of pcDNA-Flag. Glutathione S-transferase (GST)-Ubc9 was constructed by inserting a PCR-amplified fragment encoding Ubc9 amino acids 2-158 into the BamHI͞EcoRI site of pGEX-5X-1 (Amersham Pharmacia). pFlag-SUMO-1 was generated by inserting a PCR-amplified cDNA fragment encoding SUMO-1 amino acids 2-101 to the HindIII͞SalI site of pFlag-CMV-2. For the pEGFP-SUMO-1GA mutant, the PCR primer carried a point mutation that converts G97A. For expression of GST-SUMO-1 and enhanced GFP (EGFP)-SUMO-1, the SUMO-1 cDNA fragment was inserted into the BamHI͞SalI site of pGEX-5X-1 or the BglII͞SalI site of pEGFP-C2 (CLONTECH). All PCR-amplified fragments were verified by sequencing. pARE 2 -TATA-LUC and pFLAG-Ubc9 have been described (9, 31) . pCMV-RelA and pB 6 tk-LUC were from Patrick Baeuerle (Alberts-Ludwig Universität, Freiburg, Germany) (32). pGEM3Z-hGR was provided by Eckardt Treuter (Karolinska Institute, Huddinge, Sweden). pSG5-TR␣1, pCMV5-hER␣, and pCMV5-ER␤ vectors were gifts from Paul M. Yen (National Institutes of Health, Bethesda, MD), Benita Katzenellenbogen (University of Illinois, Urbana), and Jan-Åke Gustafsson (Karolinska Institute, Huddinge, Sweden), respectively. For pSG5-hER␣ and pSG5-hER␤, the corresponding cDNAs from the pCMV5 constructs were inserted into pSG5.
Cell Culture and Transfections. COS-1 and HeLa cells were obtained from the American Type Culture Collection and cultured in DMEM supplied with 10% FBS͞25 units͞ml penicillin and streptomycin. For HeLa cells, nonessential amino acids were also added. For immunoprecipitation experiments, 3.5 ϫ 10 5 COS-1 cells were seeded on 6-cm dishes 24 h before transfection. Two hours before transfection, the cells received fresh medium containing 10% charcoal-stripped FBS. By using the FuGene 6 reagent (Roche Molecular Biochemicals), 0.5 g of Flag-AR expression plasmids and 1.5 g of GFP-SUMO-1 or EGFP-C2 were transfected. Eight hours after transfection, the cells were supplied with 100 nM testosterone. For transactivation and transrepression assays, 5 ϫ 10 4 COS-1 cells were seeded on 12-well plates 24 h before transfection, and 4 h before transfection, the cells received fresh medium containing 10% charcoalstripped FBS. Reporter plasmid (150 ng), 50 ng of pCMV␤ (CLONTECH), and indicated amounts of AR expression constructs were transfected. Eighteen hours after transfection, the cells received fresh medium containing 2% charcoal-stripped FBS and 100 nM testosterone or vehicle. After a 30-h culture, the cells were harvested, and luciferase (LUC) and ␤-galactosidase activities were assayed as described (33, 34) . pCMV-ARE 2 -LUC that contains the CMV-ARE 2 -TATA sequence (30) in KpnI͞ HindIII site of pGL3-Basic (Promega) was used for the promoter interference assay.
SUMO-1 Conjugation in Vitro.
GST-Ubc9 and GST-SUMO-1 were purified as described (35) , eluted in TBS [137 mM NaCl͞20 mM Tris⅐HCl (pH 7.6)]͞10 mM reduced glutathione, and dialyzed overnight against TBS. SUMO-1-activating enzyme fraction was purified from HeLa cells essentially as described (15) , except that Q Sepharose Fast Flow (Amersham Pharmacia) was used instead of Mono Q. For the conjugation assay, receptor constructs were translated in vitro by using the TNT rabbit reticulocyte system (Promega) in the presence of [ 35 S]Met. One microliter of the in vitro translation product was incubated with 5 l of GST-SUMO-1, 4 l of GST-Ubc9, and 2 l of HeLa cell fraction at 30°C for 1 h in the presence of 1 mM DTT͞4 mM MgCl 2 ͞2 mM ATP. The reaction was terminated by adding 15 l of 2 ϫ SDS sample buffer. The samples were heated at 95°C for 5 min, resolved by electrophoresis on 7.5% polyacrylamide gels under denaturing conditions (SDS͞ PAGE), and visualized by fluorography.
Immunoprecipitation and Immunoblotting. COS-1 cells were collected in PBS containing 20 mM N-ethylmaleimide, and cell extracts were prepared in modified RIPA buffer [50 mM Tris⅐HCl (pH 7.8)͞150 mM NaCl͞5 mM EDTA͞15 mM MgCl 2 ͞1% NP-40͞0.75% sodium deoxycholate͞1 mM DTT], 1:100 diluted protease inhibitor mixture (Sigma), and 20 mM N-ethylmaleimide. Immunoprecipitation with mouse monoclonal anti-Flag antibody was performed as described (31) . Bound proteins were released in 2 ϫ SDS sample buffer, resolved on 7.5% SDS͞PAGE, transferred onto Hybond enhanced chemiluminescence nitrocellulose membrane, and visualized by using the enhanced chemiluminescence detection reagents (Amersham Pharmacia) according to the manufacturer's instructions.
Results

AR Is
Modified by SUMO-1. Even though our previous results suggested that Ubc9 is capable of activating AR in a fashion that is independent of its sumoylation activity (9), it was still pertinent to examine the possibility that AR is covalently modified by SUMO-1. Flag-tagged human AR and SUMO-1 fused to GFP were transiently expressed in COS-1 cells, and cell extracts were prepared in the presence of N-ethylmaleimide, which is known to inhibit SUMO-1 deconjugation in vitro (16, 17) . Immunoblotting of the cell extracts with a polyclonal anti-AR antibody showed three immunoreactive bands, a major Ϸ115-kDa band corresponding to the unmodified AR and two less intense more slowly migrating bands (Ն220 kDa) (Fig. 1A) . To find out whether the slowly migrating bands represent AR modified by GFP-tagged SUMO-1, immunoprecipitations were performed with Flag antibody. Both anti-GFP and anti-SUMO-1 antibody detected the two slowly migrating bands of higher molecular mass in the immunoprecipitate, whereas the 115-kDa unmodified AR band was not detected (Fig. 1 B and C) . When the GFP-tagged SUMO-1G97A mutant, which cannot be conjugated to target proteins, was used instead of wild-type (wt) SUMO-1 (36) , no sumoylated AR forms were found (Fig. 1,  lanes 4 and 5) . These results indicate that the slowly migrating bands represent SUMO-1-modified forms of AR and suggest that there are at least two sumoylation sites in the receptor.
Ligand treatment of COS-1 cells enhanced the SUMO-1 modification of AR (Fig. 1, lanes 2 vs. 3) . This is not explained by differences in the amount of AR protein in the cells (Fig. 1 A) . Rather, the role of the ligand is likely to be coupled to the transfer of holo-AR to the nucleus, where Ubc9 is primarily located (U.K., unpublished work). Only a relatively small proportion of apo-AR resides in COS-1 cell nuclei, and ligand treatment induces a complete transfer of holo-AR to nuclei (37) (38) (39) . The AR mutant ⌬DBD, lacking most of the DBD and the flanking hinge region (amino acid residues 576-657), which contains the bipartite nuclear localization signal (37, 38) , is transferred poorly to the nucleus on ligand exposure and is totally unable to recognize DNA (39) . The ⌬DBD mutant was sumoylated less efficiently than wt AR, although the pattern of modification remained unchanged ( Fig. 1 A, lanes 6 and 7) . Because the missing AR region is known to contribute to the AR-Ubc9 interaction (9), the less efficient attachment of SUMO-1 to the ⌬DBD mutant could also derive from its inefficient interaction with Ubc9.
K386 Is the Major AR Site Modified by SUMO-1. Sumoylation of proteins has been shown to occur at specific Lys residues, which are in most cases embedded in a consensus sequence (I͞L͞V)KXE, where X represents any amino acid (40, 41) . Expression of a series of AR deletion mutants in COS-1 cells indicated that the two major slowly migrating forms of AR depended on the presence of the region encompassing amino acids 337-553 in the N-terminal region (data not shown). This region contains three Lys residues, K347, K386, and K520. Of these three residues, the neighboring amino acid residues of K386 (sequence IKLE) and K520 (sequence VKSE) match with the proposed SUMO-1 attachment consensus sequence. To test whether these residues were indeed sumoylated, point mutations K386R and K520R were introduced into the Flag-tagged human AR. Immunoprecipitations of AR from extracts of COS-1 cells expressing these constructs revealed that the K386R mutant of AR is only weakly sumoylated (Fig. 2A, lane 4) . Even though the K520R mutation was not as deleterious to the modification as the K386R mutation, the K520R mutant of AR was nevertheless less efficiently sumoylated than wt AR (Fig. 2 A, lane 5) . When the point mutations were combined, no SUMO-1 was attached to the double mutant (Fig. 2 A, lane 6) . Likewise, in the absence of ectopically expressed SUMO-1, immunoblotting revealed slower migrating AR forms in cells expressing the wt AR but not in those expressing the compound mutant (Fig. 2B Upper) . Immunoblotting of immunoprecipitated ARs with anti-SUMO-1 antibody confirmed that the slower migrating AR forms indeed represented sumoylated AR (Fig. 2B Lower) .
Ubc9 Catalyzes Sumoylation of AR in Vitro.
To study the catalytic role of Ubc9 in SUMO-1 modification of AR, 35 S-Met-labeled AR was incubated in the absence and presence of GST-Ubc9 with GST-SUMO-1 and a HeLa cell fraction containing SUMO-1-activating enzyme (15) . Ubc9 was required to produce the two slowly migrating forms of AR, corresponding to the AR SUMO-1 conjugates (Fig. 3A, lanes 1 and 2) . This pattern is in line with the sumoylated AR forms detected with GFP-SUMO-1 by immunoblotting with anti-AR antibody ( Fig. 2A Upper) , because the size of GST-SUMO-1 is comparable to that of GFP-SUMO-1. If the HeLa cell fraction or GST-SUMO-1 was omitted from the reaction, the slowly migrating AR bands were not detectable (data not shown). With the K386R mutant of AR, only a single very weak additional band was obtained in the presence of Ubc9 (Fig. 3A, lane 3) . The incubation of K520R mutant with Ubc9 yielded also only one additional major band, which was more intense than that observed with K386R (Fig. 3A,  lane 4) . Importantly, no sumoylated forms of AR were detected with the double mutant. Together, these results confirm that AR is modified by SUMO-1 on the amino acids K386 and K520, with the former one being the principal acceptor site.
To examine whether some other nuclear receptors could serve as substrates for Ubc9, we looked for putative sumoylation sites in the sequences of steroid receptors and thyroid hormone receptor ␣ (TR␣). N-terminal regions of AR, GR, mineralocorticoid, and progesterone receptors and ligand-binding domains of GR, mineralocorticoid receptor, and TR␣ contain putative SUMO-1 attachment sites, whereas estrogen receptors ␣ (ER␣) and ␤ (ER␤) do not possess sequences matching with the consensus sequence (Table 1) . After incubation of in vitrotranslated GR, ER␣, ER␤, and TR␣ under the same conditions as those for AR, a slowly migrating form of GR appeared in the presence but not in the absence of Ubc9 (Fig. 3B Left) . In contrast, no Ubc9-dependent derivatives of ER␣, ER␤, or TR␣ were detected (Fig. 3B Right) , suggesting that the latter receptors are not sumoylated. The high-molecular weight bands seen with ER␣ and ER␤ are not likely to represent SUMO-1 conjugates, because their appearance did not depend on Ubc9 that is the only SUMO-1-conjugating enzyme known thus far.
Disruption of the SUMO-1 Acceptor Sites Enhances Transcriptional
Activity of AR. Transactivation assays using minimal ARE 2 TATA-LUC reporter containing two hormone response 
NT, amino-terminal region; LBD, ligand-binding domain.
elements were used to examine whether substitutions in the SUMO-1 attachment sites of AR influence the transcriptional activity of the receptor. The K520R mutant that is modified by SUMO-1 almost as well as wt AR had transcriptional activity in COS-1 cells indistinguishable from that of wt AR (Fig. 4A) . In contrast, K386R and K386R͞K520R mutants, which were poor targets for SUMO-1 conjugation, had activities 1.9-and 2.4-fold higher than that of wt AR, respectively. More importantly, the compound mutant was constantly 2.4-to 3.3-fold more active than the wt receptor over a wide range of expression plasmid amounts (1-100 ng͞well) and testosterone concentrations (0.1-100 nM) (Fig. 4B and data not shown) . The higher transcriptional activity of K386R͞K520R mutant cannot be explained by receptor protein levels because, if anything, the expression level of the double mutant was lower than that of wt AR as assessed by immunoblotting (Fig. 4B Inset) . In addition to COS-1 cells, K386R and K386R͞K520R mutants were 2-and 2.4-fold more active than wt AR in HeLa cells (data not shown).
We have previously shown that overexpression of Ubc9 can result in enhancement of AR-mediated transcription. As shown in Fig. 4C , ligand-dependent activity of wt AR was clearly enhanced (3.2-fold) when 100 ng͞well of Ubc9 was coexpressed, whereas the compound mutant showed practically no response to Ubc9 (1.2-fold). However, K386R͞K520R mutant was stimulated by a higher Ubc9 dose (300 ng͞well), even though the induction (1.9-fold) was clearly lower than that with wt receptor (5.1-fold). Thus, effects of Ubc9 overexpression on ARdependent transcription are complex and not merely a direct consequence of enhanced sumoylation of AR. This is in line with the finding that sumoylation-negative Ubc9 mutant can also stimulate AR-dependent transactivation (9) . Overexpression of Ubc9 may, in fact, stall the sumoylation machinery because other components of the conjugation system are likely to become limiting. This should lead to enhancement rather than inhibition of AR-dependent transcription.
In contrast to transcriptional activation, the transrepressing function of AR was not influenced by substitution of SUMO-1 acceptor sites, because both wt AR and the K386R͞K520R mutant repressed a NF-B͞RelA-activated promoter to the same extent (Fig. 5A) . Furthermore, the effects of the point mutations on ligand binding and DNA binding by AR were investigated in intact cells. Consistent with the lower expression level of the compound mutant, cells transfected with the mutant construct showed Ϸ30% less androgen-binding sites than cells transfected wt AR, as assessed by whole cell-binding assays (data not shown). DNA-binding capacity of compound mutant, as examined by promoter interference assays using the same double hormone response elements as in ARE 2 TATA-LUC, was somewhat lower (10-20%) than that of wt AR (30) (Fig. 5B) , which is in line with androgen-binding data.
Discussion
In the present study, we have shown that a ligand-activated transcription factor, AR, is covalently modified by SUMO-1 in intact cells and under cell-free conditions. Androgen promoted sumoylation in cells, probably by facilitating the nuclear transfer of cytoplasmic AR. The sumoylation sites of human AR are K386 and K520. The former appears to act as a master switch of sumoylation, because the K386 mutant was modified only poorly, whereas the K520 mutation impaired the extent of SUMO-1 conjugation much less. The overall cellular distribution of the K386R͞K520R mutant and its hormone-induced nuclear translocation were very similar to those of the wt AR (data not shown). Both sumoylation sites are fully conserved in mammalian AR sequences, and a site corresponding to human K386 is also present in the Xenopus AR.
In addition to AR, several other, but not all, members of the steroid receptor family contain potential (I͞L͞V)KXE attachment sites for SUMO-1 (Table 1) . In this study, we show that GR is modified by SUMO-1 in vitro under the same Ubc9-dependent conditions as those used for AR. Intriguingly, the sumoylated sites in AR and the two potential modification sites in the N-terminal domain of GR are identical with the protein motifs that have recently been demonstrated to restrict the transcriptional synergy of the two receptors (29) . In line with our data on AR, disruption of these sites by replacing the central SUMO-1 acceptor Lys with Arg led to enhancement of AR-dependent transcription on promoters with more than one hormone response elements (29) . The synergy control motifs are identical with the sumoylation consensus sequence, and they can be found in negative regulatory regions of many, otherwise unrelated, transcription factors (29) , suggesting that sumoylation can act as a general mechanism controlling their activities.
In contrast to AR, sumoylation of p53 has recently been implicated in the activation of p53-dependent transcription (27, 28) . However, similar to AR, the basal transcriptional activity of the sumoylation-defective p53 mutant was either equal to or higher than that of wt p53, depending on the promoter studied. In the case of AR, the extent to which SUMO-1 acceptor sites were mutated correlated with increased transcriptional activity, indicating that sumoylation can, in fact, attenuate AR function. This is in agreement with a recent report showing that c-Jun is negatively regulated by sumoylation (42) . The result that the K386R͞K520R mutant was coactivated by GR-interacting protein 1 (GRIP1) in a fashion similar to wt AR (data not shown) is in keeping with the fact that the sumoylation sites do not overlap with the core transactivation domain of AR (43) . The sumoylation sites localize to the N-terminal region of AR that is involved in interactions with the hormone-bound ligand-binding domain, and therefore, attachment of bulky ''side chains'' to this region is likely to perturb with the ability of AR to make intramolecular contacts (33) . NF-B-transrepressing activity of AR (44) is not influenced by point mutations substituting the (30) . COS-1 cells were transfected with pCMV-ARE 2-LUC reporter (100 ng) and increasing amounts (10, 50, and 100 ng) of wt Flag-AR and K386R͞K520R mutant expression vectors. The total amount of DNA was kept constant by adding empty pcDNA3.1(ϩ) when necessary. Reporter gene activity in the absence of AR expression vector is set as 100, and the means Ϯ SD from three independent experiments are shown. Black and gray bars depict wt AR and K386R͞K520R mutant, respectively. sumoylation sites. This suggests that sumoylation modulates interactions specific for the transactivation process. These results are in agreement with those obtained by using the synergy control motif-disrupted GR (29) .
Only a relatively small proportion of total AR can be detected as conjugated to SUMO-1 in transfected cells. This is not completely in line with data from transactivation experiments, in which substitutions of the AR residues responsible for sumoylation clearly enhanced the transcriptional activity of AR. These results suggest that the modification is transient and that there is a dynamic equilibrium between SUMO-1-conjugated and unconjugated receptor forms. Thus, sumoylation is likely to represent a mechanism for a rapid and reversible attenuation of AR function in distinct promoter contexts.
In conclusion, the importance of SUMO-1 modifications in transcriptional regulation is emerging. Current results demonstrate the existence of a new modulatory system to restrict steroid receptor activity. 
